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one arm of Wheatstone bridge arrangement. Cooling of the 
ends of the filament being corrected, the temperature of the 
main part of the filament was determined from the resistance 
temperature curve. The temperature thus determined was taken 
to be that of the catalyst, as the reaction at the ends of the 
filament may be neglected, 
    The apparatus i  shown in Fig. i. A is a reaction 
chamber which holds 150C-c-, Il a reservoir of hydrogen or 
ethylene of almost he same capacity, C a bulk containing the 
reaction mixture, I) and E capillary mercury manometers, F a 
trap immersed in dry ice and alcohol, and G a thermostat kept at 
    In most of the experiments the partial pressure ofone reactant 
Report I: the pressure decrease in the reaction chamber due to th 
compensated with frequent supply of hydrogen or ethylene by shear 
      r) Rideal, J. C.luem. Soc., 121, 309 (1922); Pence, J. Am. Chem. Soc., 
     z) Rm. Phvr. Clwm. Japan, 9, 119 (1935); 11, 353 (1937}
  THE KINETICS OF THE CATALYTIC HYDROGENATION 
         OF ETHYLENE WITH NICKEL. (Il) 
                   Reaction at High Temperatures. 
                              Os.nntu TLVAM A. 
   Though it has been observed that the kinetics of the hydrogenation of ethylene 
at high temperatures (toot-300°C.) is apparently simple, the reaction being 
frequently reported to be nearly second order", yet the mechanism of the reaction 
can not be decided, because a simple relation may be variously interpreted. In 
the present research the kinetics in the temperature range 990_igS°C. was in-
vestigated with nickel catalyst and the results obtained were explained according 
to the reaction mechanism already proposed at low temperatures='. 
                         Experimental. 
    The gases used were prepared in the same tray as in the preceding report. The catalyst 
used was obtained as follows: a nickel filament 30011. long and o.2 mm. thick was sealed 
in a reaction vessel, heated to dull redness in the air to oxidize its surface, and then reduced 
with hydrogen at 360°C. The catalyst was heated up to zoo'C. and degassed after every 
experiment. The temperature of the catalyst was controlled by 
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etant was kept constant as in 
o e reaction was incessantly 
means of the fine capillary I-f, 
c., 45, 2235 (1923).
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manometer 1) being used as a null-instrument. The rate of reaction 
pre sue decrease in the reservoir It by means of the manometer H. 
is given in 'l:ahle 1. 
                           Table I. 
                                         Expt. No. 1. 
                    Rent. temp., Ir7°C. IL, 72.5 mm. 0.114, 50.1 mm. 
                               Constant hydrogen pressure.
was 
An















0 215.3 I 6S.o 190.5
3.2 216.9 69.0 1895
6.5 215.0 I 72.8 18x2
lo.S 212.9 81.3 185.8
13.9 211.6 86-0 184.8
17.9 209.2 95.0 182.4
20.3 205.3 1041 isi.0
24.2 206.7 I Io8. 179.3
28.2 204.8 I15.0 178.4
32.3 203.2 I 126.5 176.6
35.5 201.6 135.0 175.2
38.9 200.4 I 144.8 174.0
43.5 198.2 I 156.2 172.7
47.5 196.9 168.5 171.6
51.3 195-4 I 182.3 170.4
56.5 193.5 I 210 168.8
61..5 191.8 final 167.1
                           Results. 
   Activity of the Catalyst :-At low temperatures, as reported in the preceding 
paper, the activity of the catalyst kept fairly constant inspite of repeated reactions, 
while at high temperatures it slowly decreased. This decrease could not be 
prevented even by protecting the catalyst against poisonot vapours by employing 
a trap, and so it was supposed that heating of the catalyst was the cause. Ac-
cordingly, the comparison among the results obtained under different experimental 
conditions required the correction of the changes of catalytic activity. 
    Reaction at Constant Hydrogen Pressure: The experiments at constant 
pressure of hydrogen are given in Table 11. Expts. t, 3, and 5 were carried out 
under the same condition and Expts. 6, 8, to, and t2 were also done under the 
same condition in order to correct the change of catalytic activity. The numeral 
of the catalyst denotes the number of renewed reduction. Some of the reaction 
curves are shown in Fig. 2.
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     * The corrected values ofExpts. 1-5 and 6-12 
of each experiment washe same as that of Expls. 3
   The reaction was approximately 
first order at 165°C., while at lower 
temperatures the order of reaction 
apparently became lower. In general, 
the rate of reaction could be repre-
sented by the following formula : 
    _ lip =k1 
     dr l+k, (l)               (P -Pi) 
where p is the pressure of the gas 
reservoir B in Fig. i, fig its final 
pressure, and k1 and, kg constants. 
The higher the tempereture, the smaller 
k, and the equation approaches that 
of the first oder reaction. That the 
equation is applicable to each curve is 
justified by the fact (Figs. 3 and 4) that 
f u-Pr and P0-P , as may be expected P-Pr r 
             P-P" 
where p, is the value of p at r=o.











          100 200 300 400 , 500 
                Time in min. 
  Fig. 2.-Reaction comes at constant pressure 
  of hydrogen. 
Initial prCSSUres; No. 1, 218.3 mm.; No. z, 227.1 
rnm.: No. 4, 263.5 mm.; No. 5, 240.1 mm.: No. 
6, 219.5 mm.: No. 7, 151.5 non. : No. 9, 285,0 nun.: 
No. 11, 295.0 1..m. ; No. 12, 201.2 mm. 
a linear relation holds between -1), I 
from the integrated form of equation (1):
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        0407 a 
          0-005 
        0.004 Fig-\ 4-
                  0.3 0.5 0.7 
              p=p mm. l 0.06 
          ! min. 
                 Fig. 3. 
    From the intercept with the axis and =' 0,04 
the inclination of the straight line, constants 
ZS and k-. were calculated. kt thus obtained, 0.02 
however, had to be corrected for comparison 
0 with respect to activity of the catalyst, o 40 8o IM rr 
using t., (time of half change) in Table 11". Pressure of hydrogen in mn'. 
As seen in the table, the corrected value Fig. s. 
k, is roughly unaffected by change of the temperature, but it varies approxin 
in proportion to the pressure of hydrogen as in Fig. 5. On the other hall 
becomes markedly smaller with the rise of temperature, but it remains fairly 
scant when the pressure of hydrogen has been varied as seen in Table II. 
    Reaction at Constant Ethylene Pressure:-Tile experiments at cot 
ethylene pressure are given in Table 111. 
    The reaction curves are shown in Fig. 6. 
    The rates at constant ethylene pressures could be simply expressed 
the first order reaction thus; 
         -i¢ =ka (2) 
This was ascertained from its integrated form, 
              In A r =L•,lr, 
              P-Pi 
as shown in Fig. 7-
     3) A slight variation in the inclination of the straight line leads to large difference in the 
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    Fig. 8.-E          $ xperiments                   the 
                 Of 
 Initial pressures                   24, 64a                                                                  ex-
  mm. C.I-I,,; Ni  
   TI,,; NO. 26, C                     Mm. 
 No. 27, 63.3 m                                                            was                 H,+47.9 
63.9 mm. TI,}                      C-11,. 
                                                  In contact with 
way a series 
    As seen 
                                                                     of       pre-reaction du                            No 
                                      is treatment, ho treatment, 
all the curves will 
pretreatm               .
It may be ad                                        k eNijerimental conditions the                 therefore, 
rate of reaction is not affected by the pretreatment of the catalyst. 
   The Effec of the Reaction Product:-To examine whether ethane, the pro-
duct, participated in the rate of reaction, a number of experiments were carried 
out with the reactants preliminarily mixed with ethane. The results obtained are 
                             Table IV. 
                  Experiments wi hadded ethane (constant ethylene pressure} 
                                Catalyst, No. V. Reac. temp., 117°C.
                       0. TOYAMA. Vof. XII 
                        on the reaction rate or not was examined 
     w „ in the following way. 
0 
                           In the first experiment (No. 24 in 
                     Fig. 8) hydrogen was introduced into 
                         the evacuated reaction vessel and left to 
                       stand for about half an hour. To this 
                       ethylene was added and at once made to 
    $ rzo t6o 
Time in miv react with hydrogen, the catalyst being 
pretreatment heated to a required temperature. The d         nn 
  the camlyst• pressure of hydrogen was kept constant 
  No. mm.II_+46.7 during the reaction . In the second 
  25, 6.3.5 mm. 3[_+46.3 mm. 
                C ti,; periment, No. 25, the order of introducing 64.3mm.       II,+47.5 
m.       mm. C.TI,, ; No. z8, the gases was reversed : ethylene 
47.S mm.          FI,,. 
                     first introduced to be left to stand in 
   this the c talyst. The third experiment was si ilar to the first. 
of experiments were carried out. 
in Fig. 8, there is, as a whole, a steady decrease in the rate of 
                                          the                               specific influence tthat i  activityof the catalyst.
               taken i to account,        noticeable : when the fall of activity wever, 
  ill coincide with each other at the initial part, while the effect of 
   if any, is expected to appear in the initial stage of the reaction. ent 
                        the xesenteXierimental conditions the                that under mitted,
Expt. No.
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given in Table IV, which indicates that ethane has no influence on the rate of 
reaction as in the reaction at low temperatures. 
                            Discussion. 
    Since the concentration of ethane is not related to the rate of reaction, only 
that of ethylene can be regarded as variable in the gaseous phase when the 
pressure of hydrogen is kept constant. Hence, equation (r) obtained experimentally 
may be written as follows 
             dx l 
                     dC /p1lrs=most.-k' pe,n,                                I +k=pC,na' (3)
Similarly, equation (2) becomes 
              dx\/ _ 
                   de /p =most.-~ap,f, • (4)                             C,tta 
Consequently, the rate of reaction may be generally given by 
               dt i +kepo,u, 
    On the other hand, it was shown in the preceding paper that the hydrogena-
tion took place presumably by the combination of both reactants adsorbed on the 
active surface of the catalyst and that the rate of the surface reaction determined 
the whole reaction rate which could be approximately represented by the following 
formula obtained by applying Langmuir's isotherm to the adsorption of both 
competing reactants : 
              dx =k apa, . Rpe,u. (6)               d
i (I+apu,+ pc,u,)' 
where a and 13 are the adsorption coefficients of hydrogen and ethylene res-
pectively. 
   It seems probable that the reaction at high temperatures is brought forth 
according to the same mechanism as at low temperatures). The rate of reaction 
at high temperatures is again considered to be determined by that of the surface 
reaction between the adsorbed reactants. For it is deduced from the independence 
     4) A similar relation was derived from the work of xttr Strassen (Z.physik. Chem. (A), 169, 81 
(1934): Schwab, i id., 171, 421 (1935))-
     5) In the present experiments, a filament catalyst was employed in place of the powder form in 
the preceding work. But in the preliminary experiments at room temperature,. similar results were 
obtained as already reported with this filament catalyst, So the form of the catalyst makes no difference.
2(1938)
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of the reaction rate of both the pretreatment of the catalyst and the addition of 
ethane to the reaction mixture that the rate of reaction is not influenced by the 
rate of adsorption of the reactants and that of desorption of the product. It may 
be concluded, therefore, that the difference between the kinetic expression obtained 
at high temperatures (5) and that at low temperatures (6) should be ascribed 
merely to decrease in the adsorbed amount of the reactants due to rise of tem-
perature. In fact, assuming that rspn,C I and ppc,n,<I in equation (6), we obtain 
approximately 
           dr (7) 
          dt II+2 ' 
which is of the same form as equation (5). 
   Hence, the constants in equation (3) should satisfy the following relations: 
             k, =kaf?pra , (3) 
and k.=2R. (9) 
    Of these two, the former holds, in practice, as shown in Fig. 5, and it is in 
concordance with the latter that k, has practically no relation to the pressure of 
hydrogen, as seen in Table 11. 
    The constant k, may be similarly given from equation (7), but to this case 
it is adequate to apply the following relation, 
 k,=.-
which is obtained from the original equation (6), so that it may be applicable to 
the experiments at higher pressures of ethylene. To verify this relation, /3was 
calculated from the mean value of k, in Table 11 by the relation (9), and 
substituted in equation (to) ; a theoretical urve for the relation between 4 
and the pressure of ethylene was drawn so as to coincide with the experimental 
value of d:, obtained atthe highest pressure of ethylene ; as seen in Fig. 9, the 
curve represents the actual dependence of k, on the ethylene pressure approxi-
mately. 
   The relation between k, and temperature in Table If can be considered to 
show the dependence of the adsorption coefficient j9 on temperature from the 
relation (9). Let QF represent the adsorption heat of ethylene p r mole, then a 
well-known relation holds : 
           R=R~~r•fkT 
where f% is a constant, R the gas constant and T the absolute mperature.
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                                                          3.0 
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         0 40 80 120 23 24 25 26 
                                                                                                   .101          Pressure of ethylene in mm. T 
                   Fig. -J. Fig. io.-The mean value olog,0$ obtained                                                f
rom Expts. r, 3 and 5 is indicated by ®. 
Calculating p from k^ in Table II, and plotting log f? against r/T as shown in 
Fig. io, CH was obtained thus: 
              QF=14.9 kcals. per mole. 
On the other hand, as seen from Table II, the temperature coefficient of k, is 
nearly zero, so let E and QR represent the activation heat of the surface reaction 
and the adsorption heat of hydrogen respectively,, then the following relation is 
easily obtained. 
            L^'Qu+Qs , 
taking equation (8) into considerations). 
   Although the adsorption heat of hydrogen may be small from the relation 
'i.< 9, yet the heat of activation will be no less than 15 kcals.-the heat of 
adsorption of ethylene. The value must be, therefore, far greater than the apparent 
energy which has been frequently reported to be only several kcals. 
                        Summary. 
   The kinetics of the hydrogenation of ethylene with nickel catalyst has been 
investigated statically in the temperature ange y9°-165°C. 
   The results agree with those obtained previously at lower temperatures in the 
following fact that the rate of reaction is practically independent of ethane and 
the pretreatment of the catalyst with any reactant gas. 
   The rate of reaction is represented by 
              (IX 05n. 
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when the pressure of hydrogen is kept constant, and by 
          dx 
             dl °kapn 
when the pressure of ethylene is kept constant. These expressions are somewhat 
different from those suggested theoretically at lower temperatures. The difference 
is, however, ascribed only to decrease in the concentrations of the adsorbed 
reactants resulting from the rise of temperature, inasmuch as it is believed that 
the reaction mechanism is identical regardless of temperature. The dependence of 
the constants of the rate equations upon the temperature and pressures of the 
reactants justifies the above described interpretation. 
    From the temperature coefficient of the constant k._, the heat of adsorption of 
ethylene is found to be about 15 kcals. per mole. The temperature independence 
of the constant kt indicates that the true heat of activation for the reaction is 
roughly as large as the sum of the adsorption heats of both reactants. 
    The author wishes to express his cordial thanks to Prof. S. I-loriba for his 
kind direction and unfailing encouragement. 
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